The use of inexpensive biosorbents to sequester heavy metals from aqueous solutions, is one of the most promising technologies being developed to remove these toxic contaminants from wastewaters. Considering this challenge, the viability of Cr(III) and Pb(II) removal from aqueous solutions using a¯occulating brewer's yeast residual biomass from a Portuguese brewing industry was studied. The in¯uence of physicochemical factors such as medium pH, biomass concentration and the presence of a co-ion was characterised. Metal uptake kinetics and equilibrium were also analysed, considering different incubation temperatures. For both metals, uptake increased with medium pH, being maximal at 5.0. Optimal biomass concentration for the biosorption process was determined to be 4.5 g dry weight/l. In chromium and lead mixture solutions, competition for yeast binding sites was observed between the two metals, this competition being pH dependent. Yeast biomass showed higher selectivity and uptake capacity to lead. Chromium uptake kinetic was characterised as having a rapid initial step, followed by a slower one. Langmuir model describes well chromium uptake equilibrium. Lead uptake kinetics suggested the presence of mechanisms other than biosorption, possibly including its precipitation.
Introduction
The continuous use of heavy metals in industrial applications with the production of contaminated wastewaters is a serious environmental problem. The importance of developing ef®cient and inexpensive treatments to these residual waters is clear considering that heavy metals represent a threat to public health due to their accumulation through the food chain (Holan and Volesky, 1994) and are non-renewable natural resources some of them with commercial value.
An alternative to traditional treatments, such as chemical precipitation with lime and resin ionic exchange, often inadequate when applied to large volumes of dilute solutions (Volesky, 1987) , is the use of biological processes. Many microorganisms are able to accumulate and concentrate heavy metals from aqueous solutions, by several mechanisms (Rus et al., 1995) . These include biosorption, a metabolism independent mechanism usually with high kinetics allowing metals recovery by elution, bioaccumulation a metabolism dependent mechanism only carried out by living cells, and the metal toxicity inactivation by precipitation with secreted metabolites (Novais, 1992) .
An industrial biosorption process requires large quantities of biomass. Biomass can be cultivated speci®cally to be used as biosorbent, or alternatively waste biomass from industrial operations can be used (Tsezos, 1990) . Last option can be economically more attractive, and the biomass uptake capacity can be improved by changes suffered during the process (Avery and Tobin, 1992 ).
An important step to the development of biosorption processes is the selection of optimal physicochemical conditions such as medium pH, temperature and biomass concentration, and to elucidate the effect of co-ions. Medium pH, affecting ion speciation in solution as well as the chemistry of biomass active sites, is extremely important (Tsezos, 1990) .
The study of process kinetics and equilibrium is another fundamental step, giving important information about the uptake mechanism. Heavy metal uptake by biomass typically shows a rapid initial phase, associated to metabolism independent mechanisms (biosorption), followed by a slower one, associated to metabolism dependent processes (bioaccumulation) (Wehrheim and Wettern, 1994) . Equilibrium uptake may be described by adsorption isotherms. Langmuir and Freundlich models often ®t reasonably well experimental data (Tsezos, 1990) . These models, although being rather simplistic when applied to complex biological systems, give valuable information concerning biomass uptake capacities, describing adsorption equilibrium conditions of different types of biomass, and showing differences between different species and morphological types (Gadd, 1990) .
Process viability also depends on its economical competitiveness with existing technologies. To be considered a good biosorbent, biomass should exhibit a rapid and ef-®cient uptake and desorption, have a low production cost and be reusable, and be ef®ciently, rapid and economically separated from solution (Volesky, 1987) .
The purpose of this work was to study Cr(III) and Pb(II) uptake by the¯occulating yeast S. cerevisiae obtained as a residue from beer production. The use of this biomass is particularly interesting, as it is residual from beer production being available in large quantities with low costs. Furthermore, being¯occulating, separation costs from the residual water are reduced and allows the use of high cellular density systems (Soares, 1995) . The in¯uence of pH, biomass concentration, the presence of a second ion (lead/chromium) and incubation temperature in the yeast uptake capacity was characterised.
2 Materials and methods 2.1 Microorganism S. cerevisiae was obtained from UNICER, a Portuguese brewing industry, at the end of fermentation when it presents the highest¯occulating capacity (Teixeira et al., 1991) . Biomass suspension was prepared by washing 50 g of wet yeast in distilled water, followed by centrifugation (3 minutes, 3000 rpm). This procedure was repeated three times. Washed biomass was ®nally suspended in 100 ml of distilled water. This ®nal biomass suspension was added to metal solutions in quantities depending on biomass concentration, referred as biomass dry weight/l, required in each essay.
Metal solutions
Metal solutions were prepared dissolving CrCl 3 á6H 2 O or PbNO 3 in distilled water.
Effect of medium pH
All essays were carried out with 100 ml of metal solutions (55 ppm) prepared in 250 ml¯asks. The pH of chromium solutions was adjusted to 2.0, 3.4, 4.0, 4.5 and 5.0. A control solution was also prepared with pH 2.7. Lead solutions were adjusted to pH 3.0, 4.0 and 5.0. Control solution had a pH of 4.7. Control situation corresponds to experiments where pH was not adjusted. Medium pH corrections were made with HNO 3 or NaOH 0.1 M. Previously prepared yeast suspension (10 ml) was added to metal solutions, and¯asks were incubated at 30°C with orbital shaking (150 rpm). Samples from chromium and lead solutions were taken after 1 hour of incubation.
Effect of biomass concentration
250 ml of chromium and lead solutions were prepared in 500 ml¯asks with different initial metal concentrations: 52, 55 and 60 ppm. 9.5, 25 and 50 ml of yeast suspension were respectively added to these solutions in order to obtain biomass concentrations around 1.5, 4 and 8 g dry weight/l. The pH of chromium solutions was adjusted to 5.0. The solutions were incubated at 30°C with orbital shaking (150 rpm). During 26 hours, 10 ml samples were taken at different time intervals.
Effect of co-ions
In 500 ml¯asks, 250 ml of metal solutions were prepared according to Table 1 without pH adjustment. Each solution was inoculated with 10 ml of yeast suspension and incubated at 30°C for about 24 hours, 10 ml samples taken at different time intervals. Another set of experiments was done with chromium and mixture solutions pH corrected to 5.0. The pH of lead solutions wasn't adjusted as its initial value was already around 5.0.
Kinetics experiments
Metal solutions (250 ml, 55 ppm) were prepared in 500 ml asks. The pH of chromium solutions was adjusted to 5.0. Solutions were inoculated with 25 ml of yeast suspension and incubated at 10, 25, 30 and 35°C for 24 hours. During this period 10 ml samples were removed at different time intervals.
Equilibrium experiments
Yeast suspension (10 ml) was added to 100 ml of metal solutions with concentrations from 5 to 200 ppm. Chromium solutions pH was adjusted to 5.0. After 1 hour of incubation at 10, 25, 30 and 35°C, 10 ml samples were collected.
Biomass dry weight
Gelman membranes with pore size 0.45 l were washed with 20 ml of distilled water, dried at 105°C and weighted. For each essay, 10 ml of metal solution with biomass suspension was ®ltered, and dried at 105°C until constant weight was reached.
Analytical methods
Chromium and lead concentration in the samples was determined by AAE after biomass removal by ®ltration. Samples were preserved by acidi®cation to pH 2 with concentrated HNO 3 and kept at 4°C.
3
Results and discussion 3.1 Effect of medium pH Figure 1 shows that yeast uptake capacity increases with pH, being higher at pH 5.0 for both metal ions. Higher pH 
